In some cases autism spectrum disorders are one of the symptoms of monogenic or chromosomal pathology, and can also be a symptom of inherited metabolic disorders. 
Introduction
Autism spectrum disorders (ASD) are serious early childhood neurodevelopmental disorders with unknown etiology and a rapid annual increase in prevalence. ASD are a broad phenotype including less severe disorders (Johnson and Myers, 2007) . ASD are clinically characterized by impaired social and communication skills, hyperactivity and attention deficit, stereotypic movements and interests, stereotypic rituals, emotional disturbances, and varying degrees of expressive and receptive language development disorders (Risch et al., 1999) .
ASD is not a disease but rather a syndrome that is characterized by a multifactorial type of inheritance. In some cases, it is one of the symptoms of monogenic or chromosomal pathology, and can also be a symptom of inherited metabolic disorders. In early childhood, the latter can manifest primarily with autistic behavior, speech development delay or regression, and mental retardation. This collection of symptoms should be classified as ASD (Gillberg, 2006) .
One of the first hypothesis about mitochondrial dysfunction associated with ASD was published in 1998 by Lombard (Lombard, 1998) . Mitochondria are cell structures, which have role in the several functions in cell: ATP synthesis, fatty acid oxidation, heme biosynthesis, heat generation, calcium homeostasis, citric acid cycle and apoptosis (Koopman et al., 2012) . Hypothesis was based on the frequently observed lactic acidosis and carnitine deficiency in patients with ASD. With a rough study based on the elevation of the lactic acid and morphological criteria on the muscle biopsy in the ASD patients, researchers established prevalence of mitochondrial dysfunction in ASD group. That was 7.2% (Oliveira et al., 2005) . In the clinical review of the patients with mitochondrial dysfunction it was concluded, that in 25 of them primary diagnosis was ASD. The most common defect was decreased activity of complex I (Weissman et al., 2008) . Rossignol et al. in the paper of the meta-analysis concluded that mitochondrial dysfunction is the most common metabolic abnormality associated with ASD. It was estimated to be 5%, when compared to the general population of 0.01%. Most of the identified cases were not associated with genetic abnormalities in mtDNA, but resulted most probably of the secondary 38 mitochondrial dysfunction (Rossignol and Frye, 2012) . Postmortem brain biopsies in ASD patients showed decreased Complex I and Complex IV activities (Tang et al., 2013) .
Significant input in the ASD research comes from the genome wide analysis, which helped to reveal or confirm some strong ASD candidate genes also involved in the mitochondrial metabolism. Gene SUCLG2 was described as significantly associated with ASD from the genome wide analysis of the exonic copy number variants (Bucan et al., 2009) . Two single nucleotide polymorphisms (SNPs) that showed evidence for divergent distribution between autistic and nonautistic subjects were identified, both within SLC25A12, a gene encoding the mitochondrial aspartate/glutamate carrier (AGC1). In the second stage, the two SNPs in SLC25A12 were further genotyped in 411 autistic families, and linkage and association tests were carried out in the 197 informative families. A strong association of autism with SNPs within the SLC25A12 gene was demonstrated (Ramoz et al., 2004) . However conflicting results were obtained in the group of ASD patients from Protugal. They found no evidence of SLC25A12 gene involvement is responsible of hyperlacticidemia reported previously (Correia et al., 2006) .
The above mentioned studies indicate necessity to discover the mechanisms of ASD at metabolic level. Modeling can be one of tools for the studies of complicated mechanisms applying different modeling approaches (Stelling, 2004) . Reconstructions of metabolic networks represent stoichiometrically balanced reactions that are possible in particular organism based on genome annotations, literature, experimental and other data. Reconstructions do not include data about the kinetics of reactions and concentrations of metabolites. Addition of numerical information about particular environment and organism state characteristic upper and lower limits of reaction fluxes transforms the reconstruction into a state and environment specific model. The behavior of model then can be compared to experimental data. More than 50 genome-scale reconstructions and models of metabolism of different organisms have been developed in last decades (Oberhardt et al., 2009 ). Protocols for their development of reconstructons have been published as well . Reconstructions for a number of human tissues have been developed (Agren et al., 2012) . The recent achievement in reconstruction building is the Recon2 (Thiele et al., 2013) which can be used for studies of human physiology and pathology (Bordbar and Palsson, 2012) .
Also human mitochondrion has been reconstructed and modeled. The most comprehensive mitochondria devoted reconstruction so far has been published (Vo et al., 2004) improved and analyzed afterwards (Thiele et al., 2005; Vo, 2007) . There are also available dynamic models of mitochondria with limited scope of reactions (Bertram et al., 2006; Wu et al., 2007) .
To make in silico experiments with reconstruction based human mitochondrial model (Thiele et al., 2005) we used CO-BRA Toolbox v2.0 (Schellenberger et al., 2011) for Matlab. COBRA is used for analysis of metabolic models, signaling models and even genome scale reconstructions of different organisms. The models contain necessary metabolites and reactions, for the specific organism. The necessary biological and environmental constraints can be found in different scientific literature, databases or by laboratory experiments.
The analysis of models and reconstructions are based on different methods like Flux Balance Analysis (Orth et al., 2010) , Flux Variability Analysis (Burgard et al., 2001; Kostromins, 2012) . With Flux Balance Analysis (FBA) it is possible to find out the best possible flux solution in the model for particular objective function, for example fat synthesis in adipose tissue from glucose (Fell and Small, 1986) . Although this method shows only one of the many best solutions, it is very fast calculation method and takes only few seconds to get the results (Orth et al., 2010) . Flux Variability Analysis (FVA) shows minimum and maximum flux of reactions in the network to maintain some state of the network (Gudmundsson and Thiele, 2010) . It is quite informative method when there is need to find out not exact state of metabolism, but complete solution space has to be scanned for analysis purposes. AltFluxes toolbox for COBRA (Kostromins, 2012) performs Flux Variability Analysis with a user friendly interface, and results are visualized and easier interpretable. Combination of different methods gives additional opportunities (Lewis et al., 2012) . The described approaches can be used to analyze the consequences of different changes in the network, including gene insufficiency or deletion.
In this study the impact of insufficiency of two possibly autism related genes SLC25A12 (Correia et al., 2006; Ramoz et al., 2004) and SUCLG2 (Bucan et al., 2009 ) are examined by methods of stoichiometric analysis to find out the metabolically traceable side effects of deficiency in genes encoded proteins that could be easily observable thus enabling diagnostics and determination of cause-effect relationships. Analysis is performed mainly using COBRA Toolbox2 (Schellenberger et al., 2011) for Matlab. The diagnostics of insufficiency of genes SLC25A12 and SUCLG2 is suggested by analyzing parts of metabolic pathways found by constraint based modeling. It is found that deletion of gene SLC25A12 reduces the maximal ATP production just by 1% while deletion of SUCLG2 in the model reduces the maximal production of ATP by 50%.
Materials and methods
In this study the human mitochondrial metabolic network reconstruction developed in Palsson Lab is used (Thiele et al., 2005) . This reconstruction is extension of earlier work of the same group (Vo et al., 2004) . Reconstruction of mitochondrion in our study consists of 225 biochemical reactions and 235 metabolites (121 mitochondrial, 89 cystolic, and 25 extracellular). Involved metabolites and their coding genes were crossreferenced with scientific publications about autism and autism spectrum disorders and publicly available databases (AutDb, (http://autism.mindspec.org/autdb/Welcome.do) Ndar (http://ndar.nih.gov). In all calculations μmol/min/g of proteins is used as flux measurement unit as it was done in the initial model (Thiele et al., 2005) . Two genes SLC25A12 (Correia et al., 2006; Ramoz et al., 2004) and SUCLG2 (Bucan et al., 2009) were associated with ASD and found in the reconstructed metabolic network, thus exclusion criteria was not developed. The names of reactions are associated with reactions and metabolites as in the supplementary material 1 based on the earlier published reconstruction (Thiele et al., 2005) . The supplementary material 1 is an excel file in COBRA readable format and can be opened using function xls2model.
Gene SLC25A12 (solute carrier family 25 (aspartate/glutamate carrier), member 12) is localized on chromosome two long arm locus 24, and its coded protein is involved 39 in the exchange of Ca(2+)-bound aspartate for glutamate across the inner mitochondrial membrane. Knock-out mice for the gene SLC25A12 model showed global cerebral hypomyielination (Jalil et al., 2005) .
Gene SUCLG2 (succinate-CoA ligase, GDP-forming, beta subunit) spans on the chromosome three short arm region 14.1 and it encodes beta subunit of succinyl-CoA synthethase, which catalyzes a reversible reaction involving energy production through ATP or GTP. Phenotype data for the haploinsufficiency of the gene is not available, however alpha subunit deficiency can cause severe lactic acidemia (Ostergaard et al., 2007) .
The studied genes are encoding enzymes of reactions represented in the reconstruction. The gene SLC25A12 corresponds to the reaction ASPGLUm and gene SUCLG2 corresponds to the reaction SUCCOASm.
Flux variabaility analysis (Gudmundsson and Thiele, 2010 ) is performed using COBRA 2 Toolbox for Matlab (Schellenberger et al., 2011) and AltFluxes toolbox (Kostromins, 2012) for COBRA to calculate and visualize the flux variability range. The flux variability analysis is calculated for a particular state of a network. In this study it is calculated for maximal ATP production rate (reaction DM_atp(c)). Upper and lower bounds of all steady state reaction fluxes can be determined using flux variability, where setting objective function flux for maximal value, each reaction flux is minimized and maximized to find steady state bounds.
Hypergraph layouts for visualization of gene deletion effects on steady state flux distributions are made using Paint4Net toolbox for COBRA (Kostromins and Stalidzans, 2012) .
Results and discusion
Three cases of ATP production (reaction DM_atp(c)) maximization are investigated in this research by flux variability analysis: 1) unaffected model (Thiele et al., 2005) , 2) deletion of reaction ASPGLUm corresponding gene SLC25A12 and 3) deletion of reaction SUCCOASm corresponding gene SU-CLG2. The deletion is implemented as setting the upper and lower bounds of reactions to zero for particular reaction.
Flux variability analysis (FVA) is performed with AltFluxes toolbox (Kostromins, 2012) . The results are summarized in different sheets of supplementary material 2. The FVA results of all reactions are summarized in sheet "All_data".
Some reactions are considered as not informative because of no changes or small changes of flux variability range between three simulated cases and therefore are excluded from further analysis. 60 reactions with flux variability range changes between unaffected and two gene deletion cases experiments more than 5 units are selected for further analysis. Their values for all three cases are summarized in Fig. 1 and in the sheet "Analysis" of Supplementary materials 2.
Comparison of deletion of reaction ASPGLUm
corresponding gene SLC25A12 with unaffected case model The deletion of SLC25A12 gene causes small reduction in the network ability to maximize ATP production compared to unaffected case model. The maximal ATP production drops from 68.4 to 67.7. The relative change is just about 1% which is hard to recognize phenotypically or by measurements.
At the same time the variability of fluxes changes significantly (Fig. 1 , unaffected case and ASPGLUm case). Relatively wide flux variability ranges of the unaffected case indicate flexibility and robustness (Vo, 2007) of the network to produce 68.4 units of ATP. The changes in flux range of one reaction can be compensated by adaptation of other reactions. In the case of deleted ASPGLUm the flux variability of most of reactions is very small, represented by a line (Fig. 1) . That means any limitations in any of those reactions will cause reduction of ATP production. In other words there is very limited number of alternatives and the ATP production has stayed almost at the same level as in unaffected case but has become very fragile. In case of unaffected model there are just two nonzero fluxes without significant variability: CYOR-u10m and SUCD3-u10m. In case of ASPGLUm the number of such reactions increase to 50 out of 60 indicating loss of flexibility and robustness.
Comparison of deletion of reaction SUCCOASm
corresponding gene SUCLG2 with unaffected case model The deletion of SUCLG2 gene causes about 50% reduction in the network ability to produce ATP. The maximal ATP production drops from 68.4 to 34.0. At the same time the large reduction of maximal production capacity has brought also large spectrum of alternatives and 34.0 units of ATP can be produced in many ways using alternative paths demonstrating flexibility and robustness. The flux variability ranges are higher that in the unaffected case. Only one nonzero reaction PIt2m has to perform at particular speed to keep 34.0 units of ATP production. In addition many reactions with nonzero values in unaffected case and ASPGLUm deletion case can have even zero values in case of reaction SUCCOASm deletion. There are just a couple of reactions that have to be at nonzero fluxes (ASPTAm and CSm). That means deletion of any other reaction out of 60 reactions of interest would not cause further reduction of maximal ATP production below 34.0 units.
Another feature of deletion of reaction SUCCOASm corresponding gene SUCLG2 is the fact that flux variability range of reaction PIt2m has no overlap with other two cases. After deletion the range is 32-33 units while in case of unaffected model it is 48-99 and in ASPGLUm case it is 50-70. This nonoverlapping flux variability range could be used for diagnostics purposes. In our model reaction SUCCOASm utilizes inorganic phosphate in the reversible reaction with the formation of nucleoside triphosphate (NTP) from nucleoside diphosphate (NDP) and inorganic phosphate. We can speculate that partial failure of reaction PIt2m in the mitochondrial metabolic network model is caused by inorganic phosphate deficiency.
Also carbon dioxide transport from mitochondria to citoplasm in unaffected case (the flux bounds 100-132) and SUCCOASm reaction deletion case (the flux bounds 7 -128) shows steady state possibilities with even 10 times smaller flux. This allows to speculate that decreased flux in mitochondiral carbon dioxide transport shows decreased TCA cycle overall flux in SUCCOASm deletion case, because most of all carbon dioxide in mitochondria is produced in TCA cycle. 
SUCCOASm case

Advantages and limitations of approach
The presented analysis of gene deletions has been based on the flux variability analysis assuming that the network aims to maximize ATP production. More complex approach with several criteria should be used to assess the multifunctionality of the network. Production of heme, phospholipids (Vo et al., 2004) and others should be taken into account as well. That could be done fixing reaction rates for some branches to ensure production of some metabolites. This kind of analysis performed for several other objective functions that are critical for the functionality of mitochondria could give additional results or could indicate need of improvement of the model.
Another drawback of the proposed approach is the fact that the reduction of ATP production capacity in case of suboptimal fluxes (not all reactions can have fluxes within flux variability range) may be large or small. In case of small reduction the deletion impact would be less observable than in case of sharp decrease of ATP production. On the other hand even more promising would be analysis of the newest measurements of mitochondrial metabolism giving additional constraints to the model thus improving it's quality.
The reactions with non-overlapping flux variability range can be very informative for the diagnostics of deficiency of particular gene. Still the experiments demonstrated that there are just few reactions with non-overlapping range. Even in those cases the difference between the flux ranges of reactions may be hard to measure the difference with necessary accuracy.
The analysis of widening of the flux variability range also can be perspective as detection of zero flux could be easier task experimentally. Adding on that the layer of pathway scale analysis it could be possible to develop new constraints for improvement of the model that could lead to increase of reactions with non-overlapping flux variability range.
The above described approach of flux variability analysis could be efficient for other processes of interest depending on the accuracy of model and peculiarities of he process. The advantages of the approach are the small amount of necessary calculations because of application of linear algebra methods and possibility to analyze medium scale and even larger models.
Conclusion
Flux variability analysis of reconstruction based model of mitochondrial metabolism and model with deleted SLC25A12 gene show very similar results. The deletion of SLC25A12 causes the reductions of maximal ATP production from 68.4 to 67.7 that is about one percent and would be hardly observable. At the same time the deletion reduces the flexibility and robustness of network as capacity limitations of any reaction can lead to decrease of maximal ATP production.
The deletion of SUCLG2 gives decrease of ATP production from 68.4 to 34.0. The Flux variability analysis shows mostly wider range of values for the model with deletion. There are some branches which may have no or very small flux. That is a way how the malfunction of SUCLG2 could be detected. One reaction has not overlapping flux variability range that can be used for diagnostic purposes.
Analysis of stoichiometric models in some cases can give useful diagnostic hints to find out the level of influence of insufficiency of particular genes by determining gene deletion specific profile of metabolism.
That can be done by determination of reactions with nonoverlapping flux variability range comparing performance of unaffected model and model with gene deletion or analyzing the widening of flux variability range towards zero fluxes
